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SUMMARY

Severalnoisesuppressorsconsistingof combinationsofmixingnoz-
zlesande~ectorsweretestedontwofull-scaleturbojetengines.Maxi-
mumsoundpressurelevelreductionsof 12 decibelsandsoundpowerlevel
reductionsof 8 decibelswereobtained.Theejectorsprovided3 to5
decibelsofthesoundpowerreduction.Theeffectsofejectordimensions
onnoisesuppressionandengineperformancewereinvestigated.Ejector
lengthsofapproximately2.0standardnozzlediametersandejectordism-
eterslargerthan1.6standardnozzlediametersprovidedthegreatest
additionalnoisereductiontothatobtainedwiththemixingnozzlesalone.
Theejectorcanrestorethestaticthrustlosscausedby useofthemix-
ingnozzleor canprotidestatic-thrustau~ntation.

Thenoisereductionobtainedfroman ejectorisa functionofthe
secondaryairflowrateandresultsfromthediffusionof the$ettolower
velocity.Velocityprofilesattheejectored.tarecomparedwithpre-
viousresultsobtainedusingconicalnozzlesandwithcalculatedfree-jet
boundariesresultingfromnormalspreadingat equivalentdownstresn
distances.

Maximumprobablenoisereductionscalculatedfromweightedlocaljet
velocityandareawerenotrealizedprobablybecausethenoisegenerated
insidetheejectorisappreciable.

IWLROIXKTION

Low-fl@ngjetaircraftoperatingfrommunicipalairportssurrounded
by residentialcommunitiespresenta formidablenoiseannoyanceproblem.
Inadditionto theannoyancefactor,however,thefluctuatingpressures
ofthehighintensitynoisearea sourceof structuraldamagetotheair-
craft.Therefore,fromthestandpointofboththeannoyanceandthe
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structuraldamage,reductionofenginenoise.shouldbe investigated.
Therearethreeobviousapproachestotheproblem: ““

(1)Thetakeoffandclimb-outpatternoftheaircraftcanbe ad-
justedto causetheleastannoyance(ref.1). Thisdoesnotconstitute
a solutionto theproblem,butprobablywillbe usedto supplementnoise
reductionsachievedby othermeans.

(2)Theengineitselfcanbemadequietereitherby enginedesign
changesas suggestedinreference2 fora low-temperatureengineorby a !$
changeintheenginecycle,suchas thebypassengine. UIW

(3)?lxhaust-nozzlemodificationsorotherdevicesthatcauseless
noisetobe generatedcanbe addedtotheengine.Thismethodisappli-
cableto currentenginesandisthebasisfortheworkreportedherein.

Jetenginenoisehasbeenshowntobe generatedby thesameprocesses
asthenoisefroma simpleairjet(ref.3)andarisesfromtheturbulent
mixingofthejetwiththesurroundingatmosphere.Thenoisegenerated
by thisprocessisa functionofthejetvelocitytoa highpower(near
eight)andthejetarea(ref.3 and4). Thepredominantnoisesources
maybe somedistancefromthenozzleexit(ref.5).

Screensplacedacrossthejetnearthenozzleexithaveyielded —

largenoisereductions(ref.6).
s

Thedragforceofthejetonthescreen
isa largepartofthetotalenginethrustand,therefore,thistypeof
devicewouldnotbe suitableforflightuse. l?romthesetests,however, “
wemayconcludetwothings:(1)thenoisegeneratedinsidetheengine
andimmediatelydownstream(12in.)isnota largepartof thetotal

—

noise,and(2)spreadingthejetandreducingitsvelocityina short
—

distanceiseffectiveinreducingthenoisegenerateddownstream. —

Nozzlesthathaveachievednoisesuppressionwithsmallengineper-
formancepenalty,ingeneral,havechangedthejet-mixingprocessby
meansofmultipleor segmentednozzleconfigurations(refs.7 to9).
MLxinginterferenceofadjacentjets(ref.8)andinducedairflowbetween
thejetsareprobablythemostimportantfactorsaffectingnoise
generation.

Theejectorisa devicethathasshownpromisefromtwoimportant
aspectsofthenoiseproblem.Ifthemixingoftheinducedairof.the__
ejectorandtheprimaryjetcanbe nearlycompletedwithintheejector,
thejetissuingfromtheejectorhashighermassflow,lowertemperature,
andlowervelocityandconsequentlygenerateslessnoisethanthepri-
maryjetalone.Also,theejectorcanbe a thrust-augmentingdeviceand
canofferat leasta partialsolutiontothethrustlossesexperienced
withothernoise-suppressiondevices. /

.
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Pretiousworkontheeffectofejectorsonthenoisecharacteristics
ofan enginewitha conicalconvergentnozzle(ref.10)showedthatthe
ejectorandsimplenozzledidnotsufficientlyalterthemixingprocess
andprovidedonlya 2 decibelnoisereduction.However,modeltestsof
combinedmixingnozzlesandejectorsreportedinreference11 showed
thatthenoise-suppressionpropertiesofmixingnozzlescouldbe supple-
mentedby ejectorsofmoderatelength.A conibinedinvestigationofthe
acousticcharacteristicsandthrustanddragpenaltiesof severalfull-
scalenoise-suppressorconfigurations(ref.12)includeda mixingnozzle
withan ejector,whichalsoshowedpromisingresults.An extensionof
thisworkintothetransonicregimeisreportedin reference13.

ThepurposeoftheworkattheNACALewislaboratoryreportedherein
wasto studythenoisecharacteristics,theengineperformance,andthe
primary-secondaryjet-mixingcharacteristicsoffull-scaleengines
equippedwithejectorsandexhaust-mixingnozzles.Twoejectordism-
etersanda rangeof ejectorlengthsandejectortonozzle-spacing
distanceswereinvestigated.Pcessureandtemperaturesurveysatthe
e$ectorexitweremadeandvelocityprofileswereobtained.

APPARATUSANDPROCEEURE

EnginesandTestStands

Twoaxial-flowturbojetengineswithratedsea-levelthrustsof
approximately9000and5000poundswereused. Thelargerengine(9000-lb
thrust)isgiventhedesignation“engineA“andthesmallerenginethe
designation“e~ineB“ forthedatapresentationanddiscussionto
follow. EngineA developsitsratedthrustat an exhaust-nazzlepressure
rationear2.3andat a relativelylowexhaust-gastemperature(approxi-
mately900°F). EngineB operatesata lowerexhaust-nozzlepressure
ratioof 1.7at ratedconditions,butata higherexhaust-gastemperature
(1275°F). ,Asa result,bothengines~~e effectivejetvelocitiesof
approximately1750feetpersecondatratedthrust.

Engineinstallations.- EngineA wasmountedinan outdoorthrust
standas showninfigure1. Thecenterlineoftheenginewas8 feet
abovegroundlevel.‘A~ge betiouthinletsectionwasusedtoprovide
undistortedairflowatthecompressorinlet,anda largescreenat the
bellmouthentrypreventedingestionofforeignmaterial.An acoustic
panelofperforatedmetalandglassfibermaterialbackedyithcement
bosrdwasplacedinfrontoftheengine.toreducecompressornoiseannoy-
anceinnearbybuildings.

EngineB wasonethathadbeeninstalledpreciouslyinthethrust
.. standfortheacousticstudyreportedinreference8 and,therefore,the

acousticandperformancecharacteristicswerewellestablished.Forthis
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investigation,however,theenginewasinstalledinanairframeshownin
figure2 andwasoperatedusingtheexistingfuel,lubrication,andcon-
trolsystems.

Engineinstrumentation.- Thrustmeasurementsforbothengineswere
madeby meansoftemperature-compensatedstrain-gagetensionlinks.For
theengineA installation,thethrustlinkwasa pertofthethrust
stand.ForengineB thelinkwaslocatedintherestrainingcableshown
infigure2.

Airflowmeasurementinstrumentation(static-pressurerakesandwall %UI
taps)wasinstalledinthecylindricalsectionofthebellmouthinleton W
engineA. Fuelflowtothethruststandwasmeasuredby a turbine-type
flowmeter.No airfloworfuel-flowinstrumentationwasprovidedfor

-.

engineB in theairframe.However,sinceengineairflowisa function
ofenginespeedandisessentiallyindependentoftheexhaustsection,
theairflowwascalculatedforthestandardconicalnozzleandthere-
sultingcalibrationcurvewasusedfortheothernozzleconfigurations.

Enginespeedandexhaust-gastemperatureandpressureweremeasured
forbothengines.

Engineoperation.- Theengineswereoperatedovera rangeofpower
settingsfromapproximately50 to100percentofratedthrust.Engine
performancedata(thrust,speed,etc.)wereobtainedatup tofiveen- .
ginepowerconditions.Performanceparameterswereobtainedandcompari-
sonsbetweenthevariousconfigurationsandthestandardconicalconver-
gentnozzlesweremadeforeachengine.

w

ExhaustNozzlesandEjectors

Exhaustnozzlesdesignedtopromotemixingandhastendiffusionof
thejet,bothwhenusedaloneandin conjunctionwithejectors,weremade
foreachengine.Themixingnozzleshadslightlygreaterexhaustareas
thantheconicalconvergentstandardnozzleToreachengineandincluded
provision.fortheadditionofareatrimtomatchtheoperatingcharacter-
isticsoftherespectivestandardnozzles.Nozzleandejectordimensions
aregivenintableI.

Lobenozzles.- A 12-lobenozzle,showninfigure3(a)andpreviously
usedina thrust,drag,andacousticcharacteristicsinvestigation(ref.
12)wasinstalledonengineA. Thenozzlewithanejectorisshownin
thephotographandsketchesinfigure3(b).

An 8-lobenozzlewithan ejector(fig.3(c))wasusedwithengineB.
Theover-alldiametersofthe8-and12-lobenozzleswerenearlyequal,
buttheexhaust-gaspassagewasalmost20percentlessforthe8-lobe
nozzlebecauseoftheenginesizerelation.
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Centerbodynozzlewithradialairjets.- A nozzledesignedto spread
thejetby meansofradialair~etsissuingfroma centerbodyis shownin
figure4, andwasusedwithengineA. Thisconfigurationhasa conical
convergentnozzlewitha protrudingcenterbody.Thecenterbodyisa
plenumchamberconnectedby foursupplylinestothehigh-pressurecom-
pressorbleedportsof theengine.Twocenterbodytipsectionswereused,
eachhavingeightconvergent-divergentnozzleswithexitdiametersof
1.0inch.Thenozzlesweredesignedtobleed5 percentof theengine
airflowwitha bleed-jetMachnumberof 2.0. In onecenterbodytip,the
nozzlesdischargedperpendiculartothejet(normalto thecyll.ndrical
sectionof thecenterbody)at theplaneoftheexhaust-nozzleexit. In
theothercenterbodytip,thenozzleswerepositionedfurtherdownstream
onthecenterbodysothatthenozzles(normalto a curvedsectionofthe
centerbody)werecantedbackapproximately15°froma perpendicularposi-
tiontotheengineexhaustjet.

%EW!ZS”- Twoejectorswithtelescopiccylindricalsectionsand
flaredinletswere.usedintheinvestigation.Theconfigurationsused
togetherwiththerangeof eachvsriablestudiedareshownintableI.
Dimensionsaregivenintermsof standard-circular-nozzlediametersfor
eachengine.

To determinetheextentof themixingofthe~imary jetandsec-
ondaryairflowthroughtheejector,surveysofthepressureandtempera-
turedistributionsat theejectorexitsweremadeusingthermocoupleand
total-pressurerakesas showninfigure3(c).Therakeswereinstalled
radiallyinwardfromtheexitrimoftheejector.Therakeswerelocated
directlydownstreamofboththelobesandvalleysof thelobe-typenoz-
zles(figs.3(b)and(c)).

AcousticMeasurements

Theacoustictermsandsymbolsusedhereinaredefinedintheappen-
dix. Sound-1evelmeasurementsweremadewitha commercialsound-level
meteranda condensermicrophone.Frequencydistributionsweremeasured
usinganautomaticaudiofrequencyanalyzerandrecorderalsoequipped
witha condensermicrophone.Theanalyzerwasmountedinan acoustically
insulatedtruckanddirectfieldrecordsweretaken.Bothinstruments
werecalibratedbeforeeachtestusinga smallloudspeaker-typecalibrator
andtransistoroscillator.

Acousticmeasurementsforbothenginesweremadein150 increments
ata radialdistanceof 200feet. ThesoundfieldforengineA is shown
infigure5. Measurementstationswerelocatedovera 225°sectorand
extendedfrom90°fromthejetaxison onesideto 135°fromthejetaxis

% ontheothersideof theengine.Nomeasurementsweremadein thequad-
rantinwhichthecontrolbuildingwaslocated,norforwsrdoftheengine
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inthepredominantlycompressor-noise
acousticpanels.Thesoundfieldfor
measurementsweremadeononesideof
from15°to135°fromthejetaxis.
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region,whichwasshieldedby the
engineB wassimilarexceptthat
theengineonlyovertheregion

Thesoundfieldswerefreefromlargereflectingsurfacesother
thanthesound (turfandconcrete)andthenearestlargebuildingwas
locatedapproximately500feetinfrontoftheengines.

Soundpressurelevelmeasurementsweremadeat eachmeasurement
stationforseveralpowerconditionsforeachconfiguration.Spectrum
levelswereobtainedatallthemeasuringstationsononesideofthe
engineonly.

.

RESULTS

Theresultsobtainedforthevariousnoise-suppressorconfigurations
presentedinthefollowingorder:(1)acoustic, (2)jetmixing,and
engineperformance.Theeffectivenessofthevariousmixingnozzle-

ejectorcombinationsinsatisfyingthedesignobjectivesaredetermined
in comparisonwiththeresultsobtainedfora standardconicalconvergent
nozzleandforthenoisesuppressorwithoutan ejector.Someofthe@-
fectsofvariablessuchas enginethrust,ejectorlength,andspacing
distancearealsoshown.

e

.
Acoustic

Theacousticresultsobtainedarepresentedintheformof (1)polar
plotsshowingthedirectionaldistributionofthesoundpressureaboutthe
engine,(2)spectrumleveldistributionat threeazimuths,30°,90°)and
135°fromthejetaxis,and(3)powerspectrumleveldistribution._ —

Theuseoftheengineparameters,thrust,enginespeed,orpressure
ratio,asa basisfortheacousticcomparisonsismadeundesirableby
variableengineandambientconditionsovertheperiodof theinvestiga-
tion.Enginedeterioration,suppressornozzledischargecoefficient,
nozzleareachanges,differencesamongindividualengines,andseasonal
changescanbecomelsrgefactors.inthetabulationofacousticresults.
Theprimaryvariablein jet-noisegenerationis jetvelocityand,there-
fore,allof theacousticresultspresentedhavebeencorrectedtoa jet
velocityof 1700feettiersecond.Correctionsweremadebasedonthe..re-
lationof soundpowerlevelto jetvelocityforeachconfigurationandin
mostcasesinvolvedinterpolationratherthanextrapolationofthedata.
Correctionsto spectraandpolarplotswswed equal1-1 s~f’tsatall _
frequenciesandazimuths.Theamountof thecorrectionwasinno case #

w
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morethan3 decibelsandwasgeneraXlylessthan2 decibels.Valuesob-
tainedfromthemeasurementsoneachsideof theenginehavebeenaver-
agedto compensateforwindeffects.

12-~benozzleande~ector.- Figure6 showstheresultsobtained
forthestandardengineA configuration,the12-lobenozzle,andthe12-
lobenozzlewithoneoftheejectorconfigurationsthatgavethegreatest
noisereduction.

Figure6(a)presentsthedirectionaldistributionof thesoundpres-
surelevelandshowsa reductionat themaximumpoints(30°)of3 decibels
forthesuppressornozzlealoneand9 decibelsforthenozzle-ejector
conibination.Theoccurrenceofthemaximumreductionin soundpressure
levelatapproximatelya 45°positionis characteristicofmuchofthe
dataobtainedwithejectors.Soundpowerlevelreductionsof3 decibels
forthe12-lobenozzleandanadditionalreductionof nearly5 decibels
forthe12-lobenozzle-ejectorcotiinationwereobtainedfora totalof
approximately8 decibels.

Spectrumlevelsforthe12-lobenozzleand12-lobenozzlewithejec-
torareshownin figures6(b),(c),and(d). At the30°azimuth(fig.
6(b)),thelobednozzleyieldedreductionsof5 to 13decibelsoverthe
frequencyrangeoffrom160to 1000cyclespersecond.Whenconibined

8 withan ejector,soundpowerlevelreductionsof 13 to 23decibelswere
obtainedinthefrequencyrangefrom200to5000cyclespersecond.The
spectraat azimuthsof90°and135°totheset(figs.6(c)and(d))show

. smallreductionsthroughoutthemiddlerangeoffrequencywithsomein-
creaseat thehigherfrequenciesforthenoise-suppressorconfigurations.

Powerspectrumleveldistributionis shownonfigure6(e). Themix-
ingnozzlealonecausedreductionsat allfrequenciesbelow1200cycles
persecondandslightincreasesat thehigherfrequencies.Theaddition
oftheejectorresultedinreducedpowerspectrumlevelsat all.frequen-
cies.The-mum reductionwas10.5decibelsat 200cyclespersecond.

Theeffectsof threeejectorparameters(diameter,length,andspacing
distance)onnoisegenerationareshowninfigure7. In eachcase,one
parameterisvariedandtwoothersareheldconstant.Alltheparameters
arepresentedintermsof stsmdardnozzlediameters.-Theeffectofejec-
tordiameter(fig.7(a))isof considerableinterest.Thesmallerdiam-
eterejector(D2/D1= 1.4)gavea reductionin soundpowerlevelofnearly
6 decibelsandthelargerdiameterejector(D2/Dl= 1.7)showsnearlyan
8-decibelreduction.Thedifferenceis a resultofreductionsalmost
entirelyin thedirectionofmaximumsoundpressurelevel.Themaximum
reduction(U db)in soundpressureleveloccurredat the45°azimuth.

Directionaldistributionof soundpressureas a functionof ejector
lengthis showninfigure7(b).Thesedataindicatethatan ejector
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lengthof at least2 nozzlediametersisnecessaryto obtainsignificant
noisereduction. .

Spacingdistance(nozzleexitto ejectorinlet)isseeninfigure
7(c)tohaveonlya slighteffectonnoisegeneration.Totalvariation
overtherangeof S/Dl investigatedwasslightlyover1 decibelin
soundpowerlevel.

Thevariationinnoisegenerationasa functionof enginethrustis
showninfigure8 fora 12-lobenozzleandejectorconfiguration.Some
ejectorconfigurations(ref.8)haveshownresonantcharacteristicsat 1!certainoperatingconditionsthatresultedinnoiselevelincreases.
Noneof theejectorconfigurationsusedwiththelobednozzlesshowed
anysuchcharacteristicsat anyenginespeed. —

8-tibenbzzle.- Noisesuppressioncharacteristicsofthe8-lobe
nozzleandthenozzle-ejectorconibinationon engineB arecomparedwiththe
standardconfigurationinfigure9. Thereductioninmaximumsoundpres-
surelevelsobtainedfromtheuseofthe8-lobenozzlealonewas7 deci-
bels(fig.9(a)).An additionalreductioninthemaximumpoint(45°to
60°)of 4.5decibelswasobtainedfromtheejectorfora totalofalmost
12 decibels.Reductionsin soundpowerlevelof4 decibelsforthe8-lobe
nozzleand8 decibelsforthenozzle-ejectorcombinationwereobtained.
Theuseoftheejectorwiththisnozzleresultsindecreasedsoundpower *
levelsat thesidesandforwardoftheengineaveragingover3 decibels.
Thespectrumleveldistribution(fig.9(b))showsreductionsat the30°
azimuthfortheentirefrequencyrange(over19 dbat 1000cps).At .
thesideandforwardazimuthsthereductionswerelessinthemid-
frequenciesandincreasesoccurredatfrequenciesover3000cyclesper
second.Thefrequencydistributionof soundpowerlevel(fig.9(e))shows
reductionsat allfrequencies.Reductionsof5 to11decibelsoccurred
forallfrequenciesbetween80and2500cyclespersecond.

Directionaldistributionof soundpressurelevelforthreeejector
lengthsis showninfigure10(a).Increasingtheejectorlengthfrom
1.64to 2.13diametersresultsin soundpressurelevelreductionsof 2
to3 decibelsat allazimuths.Furtherincreaseinlengthto 2.44diam-
etersdidnotappreciablyaffecttheresults.

—
Frequencydistributionsof

soundpower(fig.10(b))forejectorlengthsof 1.64and2.44diameters .. _
showsimilarcharacteristicswiththegeaterejectorlength(2.44diam-
eters)yieldingadditionalreductionsof 2 to 6 decibelsovera rangeof
frequenciesfrom80to 2500cyclespersecond.

Centerbodybleednozzle.- Theacousticcharacteristicsofthe
centerbodybleednozzlewerenotgood,andafterdeterminingthatthe
over-allperformancewasnotsatisfactorythetestswerediscontinued.
Theresultsobtainedshowedonlya slightrearwardnoisereductionfrom *
thatofthestandardconfi@rationandalsoshowedslightlyincreased

.
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soundlevelsforwmd. Theconfigurationwiththecantednozzlesand
ejectorgavethebestresultsanditwaslessthan1.0decibellowerin
over-allsoundpowerlevelthanthestandardnozzleat thesamethrust.

JetMixing

Previouswork(ref.10)hadshownthatforconicalnozzlesandejec-
torswithdiameterratiosof 1.2and1.4,thenoisegenerationwasa
functionoftheprimaryjetvelocity.Thiswastruebecausetheprimary
setwasessentiallyunaltered.Normalspreadingofthejetwouldhave
producedveryne=ly thesamevelocityprofilesatan equivalentdistance
downstreamofthenozzleexit.Measuredjetvelocityboundaries(ref.5)
fora turbojetenginesimilarto engineA @eldeda normaljet-spreading
angleof slfghtlylessthan70 fromthejetaxis.

12-Ubenozzle.- Velocityprofilesforthe12-lobenozzleande~ec-
torarecompsredwiththoseofreference10 infigure11. Thevelocity
profilesarepresentedintermsoftheratioofthelocalvelocityat the
ejectorexittotheeffectivejetvelocity.Theeffectivejetvelocity
istheenginethrustdividedby themass-flowratethroughtheengineand
protidesa bulkvelocitytermthatisapplicableforbothsubsonicand
supersonicsets.Includedinfigurel-larethecalculatedboundariesof
jetsat equivalentdistancesdowmstresmfora jet-spreadingangleof 7°.
Profilesforboththeregionaxiallydownstreamofa nozzlelobeand
downstreamofa spacebetweenlobesareshown.

Theabscissausedforfigure11 is (d2/Dl)2whichisequivalentto
theratiooftheareasof concentriccirclesthroughthepointofmeas-
urementto thesreaofthestandardnozzle.Thezerovelocityintercept
foreachcurverepresentsthephysicalboundaryoftheejector.Of
significanceinfigure11 isthefactthatthedataforthe12-lobemix-
ingnozzleandejectorshowthatthejetfilLedth~ejectorandtherefore
coveredan area25percentgreaterthanwouldresultfromnormalspread-
ing. Themaximumjetvelocitywasreducedto 1150feetpersecondas
comparedwithan effectivejetvelocityatthenozzleofalmost1600feet
persecond(v2/Veff= 0.72).Inaddition,thesmallerejectorofrefer-
ence10 (D2/D1= 1.2)is shownin figure11 toactua~yrestrictthe
normalspreadingofthejet((d2/Dl)2= 1.44atejectorshell,whereas
fornormalspreading(d2/D1)2= 1.88for I@l= 1.5.).Thelargerejec-
torofreference10 showedahost no effecton setspreading.

Theejectorwasnotrigidlysupportedendflexingof thesupports
waspossibleanddidoccur.Undersomeconditions,changesin jetat-
tachmentcausedmovementof theejector.Therefore,successivetestsdid
notalwaysgiverepetitivevelocityprofiles.In addition,rotational
shiftsoftheprofilesforthelobesandthespacesbetweenthelobes

.
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occurred.However,mixingwaswelladvancedasevidencedby thefact
thatthedifferencesbetweenthetwuprofilesweresmall.Calculations
ofthesecondaryairflowbasedon integratedvelocityprofilesshowed
thesecondary-toprimary-weight-flowratiostobe nearly0.9athigh
enginepower.

8-Lobenozzle.- Ejectorexitvelocitydistributionprofilesobtained
forthe8-lobenozzleareshowninfigure12 inthesamedimensionless
formusedforthe12-lobenozzle.Thevelocitydistributionwasmeasured
atfourenginethrustconditions,butthevariationwiththrustwasneg-
ligibleandonlyonesetofdataispresented.Thejetboundaryfora
circularjetspreading.7°fromthejetaxisfora distanceequd..tothe
ejectorlengthisshowninfigure12. Theprofiles(fig.12)showthat
diffusionofthejettoapproximately9 percentgreaterthannormalarea
wasobtained.Theshsrppeaksneartheejectorshel.lresuLt.fromthe
divergenceangleofthelobesandindicate$@t theejectordiameter
mightbe increasedforfurtherdiffusion.Theejectorwasrigidlymounted
tothenozzleandtheprofilesforsuccessivetestsweresimilar.

EnginePerformance

A noisesuppressor,whichfunctionsbyprovidingincreasedmixingof
thejetandsurroundingair,suggestspenaltiesin theformof thrUst
losses anddragincreases.Theuseofan ejectorasa partofa sup-
pressorhasdemonstratedtwofeatures:(a)staticallyandatlowforward
speeds,theforward-facingsurfacesofan ejectoraresubjectedtopres-
sureforcesinthethrustdirectionand(b)thepressureforcesreverse
withincreasingforwardspeeduntilat-cruiseflightspeedstheforcein
thedragdirectionmaybe an appreciablepartofthepropulsivethrust
(refs.12and13). Boththecharacteristics,thrustau~entationanddrag,
dependupontheareaof andthepressuredistributionontheforward-
facingsurfacesoftheejectors. -r

EngineA; 12-lobenozzleandejector.- Theeffectofthenoise-
suppressorconfigurationsonengineperfor~ceisshowninfigure13 in
theformofa thrustcoefficientratio :

Suppressornozzlethrustcoefficient
Standardnozzlethrustcoefficient

asa functionofthenozzlepressureratio.J!hismethodessentially
evaluatesthenozzleindependentlyoftheengineandambientconditions.
Figure13(a)showsthe-resultsobtainedforthe12-lobenozzle-ejector.._.
configurationfortwoejector.diameterratios.Thethrustcoefficient
differenceshowninfigure13.is”-probablyMe moretothedifferencein-
theareasoftheforward-facingsurfacesattheejectorinletthantothe
differenceinexitdiameters.Thethrustaugmentationofthelarger

.

.

1+

iii

.- 8

.
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ejectoris asmuchas4 percentbasedonthesuppressornozzleandre-
sultsina thrustincreaseof 2 percentabovethatof thestandard
nozzle.

Ejectorlengthis an tiportantparameterin determiningthesecond-
aryairflowrateandacousticcharacteristicsof an ejectorand,as shown
infigure13(b),theejectorlengthalsohasconsiderableeffectonthe
staticthrustcoefficient.Theshortejectoris seentobe ineffective
atlow-jet-pressureratios.

A consistentandsignificantincreaseinthrustcoefficientratio
withthespacingdistanceis showninfigure13(c).Thrustcoefficient
ratioincreases(basedonthemixingnozzle)ontheorderof 2 to4
percentoccurredovertherangeof spacingdistancesandpressureratios
investigated.

EngineB; 8-ldbenozzleandejector.- Thrustcoefficientratios
(CF/cFstd~correctedformassflowandjetvelocitywerecalculatedfor

1 the8-lobenozzleconfigurations(fig.14)fortwovaluesofnozzlepres-~ sureratio.At thehigherpressureratio(1.6)thethrustaugmentation
isapproximately5 percentbasedonthestandardnozzleconfiguration
andapproximately8 percentbasedon thesuppressornozzle.No sigmifi-

* canttrendof thrustaugmentationwithejectorlengthwasevidenced.

DISCUSSION

JetMixingandNoiseReduction

A methodfordeterminingwhatisprobablythemaximumpossiblenoise
reductionformixingnozzlesispresentedinreference14. Themethod
assumescompletemixingof thejetanda secondarymassflowof air,which
dependsuponthegeometryofthenoisesuppressor.At somedistancedown-
stream,themixedsetandairareassumedtohavethecharacteristicsof
a largerjetata.loweranduniformvelocity.Foran ejectorconfiwra-
tion,themixedjetareawouldbe theejectorexitarea.A noisereduc-
tionnear20decibelsispredictedforan ejectorofthesizereported
herein.Thispredicted20-decibelnoisereductionassumesa uniform
velocityprofile.

Witha nonuniformvelocityprofileat theejectorexitsuchas shown
infigure11fortheexperimentsreportedherein(maximumjetvelocity}
1150 ft/see:mean.Ietvelocity,866ft/secforthe86percentratedt~st
condition),
themaximum

&

.

the.measurednoisereductionwouldbe expectedtobe lessthan
reductionpredictedfromreference14.,
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Ifwe canconsiderthenoisegenerationof eachpartofthejetto
be a functionoftheeighthpowerofthelocaljetvelocity,thenby
integration(overtheexitmea) ofthevelocityprofileraisedtothe
eighthpowerwe candeterminea weightedareaandvelocityterm.A value
ofthenoisereductioncanbe determinedfromtheratioof A@ forthe
ejectorconfigurationandthestandardnozzle.Usingtherelation
PWL= 10log@std (Vstd}/A@,a valueof12.5decibelsisobtainedfOr
theexpectednoisereduction.Theconfigurationforwhichthevelocity-
profiledatawerepresentedhada totalsoundpowerreductionof approxi-
mately7 decibels.Thedifferenceprobablyisduetothefollowing
reasons:(1)thenoisegeneratedby themixinginsidetheejectoris E
notnegligibleand(2)whileairjetsandenginesingeneralfollowthe

w

eighthpowervariation,specificenginesmayhavea somewhatlowerexpo-
nentfortheirjetvelocity-noiserelation.

Thelobenozzleandejectorcombinationhasbeenshown(fig.11)to
resultinincreasedjetmixingandreducedmaximumvelocity.Thede-
creaseinmaxtiumjetvelocityisprobablytheprimaryreasonforthe
noisereduction.Thisisfnagreementtiththeresultsreportedinref-
erences10andl!5,whichindicatedthatmaximumjetvelocityisthe
predominantfactorinnoisegenerationandthatreductionin viscous
shearby reducedvelocitygradientproducedonlya moderateeffecton
noisegeneration.

Approximatelyequivalentnoisereductionchsxacteristicswereob-
tainedwiththe8-and12-lobenozzleandejectorconibinations.Thein-
creasedinitialjetspreadingofthe8-lobenozzle(byvirtueofthe
largeenvelopediameterinproportiontotheexhaust-gasflowrate)re-
sultedin effectivenoisesuppressionat somewhatlowervaluesof L/Dl
and D2/Dl forthisnozzle.

NoiseSuppressionandEnginePerformance

An exsmdmationoffigures7,10,13,and14 showsthatmaximumnoise
reductionandmaximumthrustratiosreobtainedfromtheconfigurations
withthelongerejectors.Boththenoisereductionandthethrustaug-
mentationarefunctionsofthesecondarymassflowthroughtheejector,
andthemass-flowratioisa functionof ejectorlength.Theoptimum
lengthisdeterminedby frictionalforces,whichlimitthemass-flow
ratio.Theacousticandthrustcharacteristicsindicatethattheoptimum
ejectorlengthprobablyisnearthemaximumlengthtestedforbothengines.
Theeffectofincreasedmassflowistoincreasetheejectorinletveloc-
ity,whichresultsinreducedpressureontheforward-facingsurfacesof
theejectorcreatingthethrustforce.Mprovedmixingandreduced.maxi-._ .1”
mumjetvelocityresultingreaternoisereduction.

‘8

.
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Increasein theejectorspacingdistance(ejectormovedaft)im-
provedthethrustratiobutdidnotshowanysignificantchangeinthe
acousticcharacteristics.Withtheejectornearthenozzle,a drag
forceisgeneratedontherearward-facingsurfacesof thenozzleby the
ssmemechanismthatresultsin a thrust-augmentationforceon the
forward-facingsurfacesoftheejector.As theejectorwasmovedaft,
thevelocityof thesecondaryairovertherearwsrd-facingnozzlesur-
faces(spacesbetweenlobes)wasdiminished,thestaticpressurewasin-
creased,andthedragforcewasreduced.

CONCLUDINGREMARKS

An ejectorcombinedwitha lobenozzlediffusesthejetexhaustto
a lowervelocityandresultsinreducednoiselevels.Soundpressure
levelreductionsof12decibelsandsoundpowerlevelreductionsof8
decibelswereobtained.Theejectorprovidesapproximately3 to5
decibelsof thesoundpowerreduction.

Ejectorlengthsof approximately2.0standardnozzlediametersand
ejectordiametersover1.6standardnozzlediametersprotideds@nifi-
cantadditionalnoisereductionto thatobtainedwiththelobenozzle
alone.

Maximumvelocityattheejectorexitis themostimportantparameter
inthenoisegeneration.Calculationsofthetheoreticalnoisereduc-
tionbasedon localflowconditionsat theesectorexityieldednoise
reductionvaluesconsiderablygreaterthanweremeasuredexperimentally.
Noisegeneratedinsidetheejectorby themixingofthejetandsecondary
airprobablyaccountsformostof thenoisereductiondifferences.

Static-thrustaugmentationandnoisereductionwerebothfunctions
of secondarymass-flowratesas evidencedby theirdependenceupone~ec-
torlength.

Factorsthatresultin static-thrustaugmentationcanbecomesources
of cruiseflightdragincrease.Therefore,retractionof theentire
ejectoror of thestaticthrustaugmentingsurfacesmaybe necessary.

LewisFlightPropulsionLaboratory
NationalAdtisoryConmitteeforAeronautics

Cleveland,Ohio,May27,1958

.
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APPENDIX- NOMENCLATURE

.

.

AcousticTerms

Thedecibelisa dimensionlessunitforexpressingtheratiooftwo
powers.Ratiosofotherquantities(suchaspressure,voltage,etc.)
thataresquarerootsof correspondingpowerratiosmayalsobe expressed
indecibels.Soundpressurelevel,spectrumlevel,powerlevel,and
powerspectrumlevelarepresentedindecibelunits. 6

Soundpressurelevel.- Soundpressurelevel(SPL)is 20timesthe
loglo of theratiooftherootmeansquaresoundpressureat a pointto
a referencepressureof 2X10-4dynespersquarecent~eter.

..

iii

Over-allsoundpressurelevel.- Theover-allsoundpressurelevel
(allfrequenciessimultaneously)isobtaineddirectlyfromthesound
levelmeterusingtheflatfrequencyresponsesetting.

Spectrumlevel.- Thespectrumlevelisthesoundpressurelevel.
withina specifiedfrequencybandof 1 cyclepersecondwidth.

Soundpowerlevel.- Soundpowerlevel(FWL)is10timesthe loglo
of theratioof thetotalacousticpowerradiatedfroma sourcetoa
referencepowerof10-13watts.Theacousticpowerisobtainedfroman B
integrationprocess(refs.16and17)ofthesoundpressurelevelsover
a hemisphericalregionsurroundingthenoi6esource.

—
——

ata

A

@

D

D1

D2

d

F .

.

Powerspectrumlevel.- Thepowerspectrumlevelisthepowerlevel
specifiedfrequencybandof onecyclepersecondwidth.

Symbols

area

thrustcoefficient.
---

diameter

diameterof exitof standardnozzle.orconicalconvergentnozzle
of areaequivalenttomixingnozzle..Engine.A~DI.= 21.7in.;
EngineB, D1= 19.5in.

M,s.metq-of-ejec.@xr : ,,.-..

diametricdistance(originonthejetaxis)
i,,.-

netthrust ..... ..u ‘. --- ,....~.;:.-T...... .-,. ...-,-...:~..,...

—

K_

.-

.
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.

I

.

L

m

r

8

v

‘eff

‘2

distancefromnozzleexitto ejectorexit

mass-flowratethroughengine

radius,in.

spacingdistance,nozzleexitto ejectorinlet

velocity

effectivevelocity,F/m

localvelocityat ejectorexit

Subscripts:

corr corrected

max maximum

std standard

1 nozzleexit

2 ejectorexit
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(b)12-IobenozzleandeJeutorsinstelledonengineA.

Figure3. - Continued.Lobe-nozzleCOllfigW8tfOllfl.
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